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ABSTRACT

Helianthus paradoxus Heiser (Asteraceae, puzzle sunflower), is a federally threatened hybrid species
found in salt marshes of west Texas and New Mexico. Helianthus annuus L. (Asteraceae, common
sunflower) is one of the parent species and is found throughout North America, but it is not present in
the inland salt marshes where H. paradoxus is found. Helianthus paradoxus has previously been
described as a halophyte, but its tolerance to Na,SO,, one of the major salts found in its habitat, has
not been investigated. However, salinity has been identified as a major abiotic factor influencing the
limited distribution of H. paradoxus populations. In this greenhouse study, the effects of elevated
concentrations of Na>SO, and NaCl, at equal ionic strengths (0.00, 0.09, 0.17, 0.34, and 0.51), on the
survival and dry mass of both H. paradoxus and H. annuus were examined. In the three-way factorial
experiment, the effects on dry mass observed were dependent on the species, the type of salt and the
ionic strength of the salt. Helianthus paradoxus produced more dry mass than H. annuus in both salt
treatments; however, NaCl was more inhibitory of dry mass production for both species with plants
unable to survive the highest salt treatments. While dry mass of H. annuus decreased with increasing
ionic strengths of both salts, dry mass of H. paradoxus increased by 38 to 72% in low to moderate
ionic strengths of Na,SOy relative to the nonsaline treatment. Both species were less tolerant of NaCl
than Na,>SO,4 with H. paradoxus seeming to have moderate and high tolerance to elevated CI- and
SO~ ionic strength, respectively, while H. annuus had low to moderate tolerance. Greater dry mass
production in Na,SO,, along with tolerance to both salts, suggests that low to moderate sulfate soil
salinity will enhance the dry mass production of H. paradoxus.
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Helianthus paradoxus Heiser (Asteraceae, puz-
zle sunflower) is a federally threatened species
with limited distribution in salt marshes in west
Texas and New Mexico (Correll and Johnston
1979; Poole and Diamond 1993; McDonald
1999). Hybridization studies (Heiser 1958, 1965;
Abbott 1992) and molecular analysis (Rieseberg
et al. 1990; Rieseberg 1991; Rieseberg et al. 1991)
have determined that H. paradoxus is a stabilized
hybrid species between H. annuus L. (Asteraceae,
common sunflower) and H. petiolaris Nutt.
(plains sunflower). Although H. paradoxus shares
several morphological and ecophysiological traits
with its parental species (Rosenthal et al. 2002), it
has diverged and is genetically isolated from its
progenitors and considered a separate species.
Helianthus anuus is common throughout North
America and grows in disturbed, heavy clay soils
that are moist in the spring and dry out by mid-
summer. Helianthus petiolaris is found in dry,
sandy soils in western North America, while H.
paradoxus grows in heavy, waterlogged, saline
soils (Van Auken and Bush 1998).
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Ecological and ecophysiological studies of H.
paradoxus have determined that this homoploid
hybrid species is salt tolerant, unlike its parental
species. Helianthus paradoxus is restricted to
inland salt marshes with salt levels of approxi-
mately 10 g kg™' (Poole and Diamond 1993; U.S.
Fish and Wildlife Service 2005; Grunstra and
Van Auken 2007a, b), while H. annuus and H.
petiolaris can be found in low saline soils
(<0.02 g kg ! soil sodium, Welch and Rieseberg
2002). Helianthus paradoxus is a better compet-
itor than its progenitors in saline soils (Bush and
Van Auken 2004). The west Texas and New
Mexico salt marshes were key habitats in
isolating hybrids (Abbott 1992). The parental
species are glycophytes and cannot survive the
same habitat as H. paradoxus, where other salt
tolerant plants are generally present (Poole and
Diamond 1993; Lexer et al. 2003; U.S. Fish and
Wildlife Service 2005). Additionally, H. para-
doxus is capable of sequestering higher sodium
and sulfur concentrations and produces greater
leaf succulence compared to its parental species
while maintaining significantly greater fitness
when grown in elevated NaCl concentrations
(Welch and Rieseberg 2002) or in field-like highly
saline soil conditions (Karrenberg et al. 20006).

In the largest known population of H. para-
doxus, at the Diamond-Y Spring Preserve near
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Fort Stockton, Texas, the distribution of H.
paradoxus is mainly affected by soil salinity and
soil moisture gradients when biotic factors are
not considered (Bush and Van Auken 1997; Van
Auken and Bush 1998; Bush 2006a, b). This large
desert spring and associated salt marsh has had
1.44 to 2.70 million H. paradoxus plants (Van
Auken and Bush 1998), depending on environ-
mental conditions. In addition, there are several
rare and federally endangered invertebrates
found in the marsh (McDonald 1999). Helianthus
paradoxus plants consistently establish parallel to
the drainage of Leon Creek but their proximity
depends on seasonal climatic conditions influencing
soil salinity levels and soil water content, both of
which decrease dramatically upland from the lowest
point in the salt marsh (Van Auken and Bush 1998;
Grunstra and Van Auken 2007a, b). When annual
rainfall is high, H. paradoxus can be found further
from the drainage compared to drier years when
plants are located closer to the drainage. The
population of H. paradoxus at the Diamond-Y
Spring Preserve seems to be dependent on low to
intermediate salinity levels and intermediate
moisture levels; however, salinity appears to be
the major abiotic factor affecting the local
distribution of H. paradoxus (Bush 2006a, b).

Previous studies have identified H. paradoxus
as a salt tolerant species with characteristics of
halophytes (Welch and Rieseberg 2002; Bush and
Van Auken 2004). However, these studies were
done with NaCl, one of the major salt compo-
nents of the marsh, but not Na,SO, which is also
found at high concentrations in soils of its salt
marsh habitat (Boghici 1997). In addition, the
effects of a limited range of salinity levels have
been examined. Chloride is generally more toxic
than SO,4> and even Na* at lower concentrations
(Manchanda et al. 1982; Marschner 1995; Frank-
lin and Zwiazek 2004; Munns and Tester 2008);
however, SO,4* salinity can be more growth
inhibitive than Cl~ for some halophytes (Warne
et al. 1990; Egan and Ungar 1998). At the same
time, separating specific ion effects is difficult and
differential effects of CI~ and SO4*" salinity on H.
paradoxus are still unknown; consequently, the
influence of these anions on the ecological
isolation and distribution of H. paradoxus has
not yet been elucidated.

Tonic strength rather than salt concentration
was used as a treatment variable in the present
study. It is used as a normalization procedure and
was required because of different numbers of ions
present in equal molar solutions of NaCl (2 ions)
and Na,SOy (3 ions). Therefore, it was important
to compare the two salts at concentrations that
allowed osmotic potential of the corresponding
treatments to be equal. Concentrations of the two
salt treatments were based on equal ionic
strengths calculated using procedures in Barrow
(1966).
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TABLE 1. IONIC STRENGTHS OF EACH TREATMENT
AND CORRESPONDING SALT CONCENTRATIONS IN
G-KG™! EXAMINED IN THE STUDY.

NaCl Na,SO,4
Tonic strength (g kg™
0.00 0 0
0.09 5 4.1
0.17 10 8.1
0.34 20 16.2
0.51 30 24.3

The objective of this study was to examine the
survival, growth and the salt tolerance of H.
paradoxus in elevated levels of both Na,SO4 and
NaCl, at equal ionic strengths. Both of these salts
are major contributors of the soil salts of the
Diamond-Y Spring Preserve. Our experiment
also included the more salt tolerant of its parental
species, H. annuus, a known glycophyte.

MATERIALS AND METHODS

Helianthus paradoxus seeds were collected from
the Nature Conservancy’s Diamond-Y Spring
Preserve near Fort Stockton, Texas (31°00.54'N,
102°55.49'W) and stored dry at 25°C until used.
Helianthus annuus seeds were purchased from
Native American Seed Farm (Junction, Texas
76849) and stored dry at 4°C. Seeds of both
species were cold stratified in Ziploc® storage
bags lined with paper towels, wet with deionized
water, and maintained at 4°C in the dark for
4 weeks (H. paradoxus) or 8 weeks (H. annuus).
To prevent osmotic shock, groups of seeds
(approximately 400 seeds for each treatment)
were germinated on paper toweling saturated
with deionized water (0.00 osmotic strength) in
plastic storage bags at 25°C. Germinated seed-
lings were transferred to equal or increasing levels
of the appropriate salt (NaCl and Na,SO, at
ionic strengths of 0.00, 0.05, 0.09, 0.13, 0.17, 0.26,
0.34, 0.43, and 0.51) every 2 d until placed in the
final salt (NaCl or Na,SO,) and ionic strength to
be tested (0.00, 0.09, 0.17, 0.34, and 0.51).
Seedlings were kept in the appropriate solution
for a total of 18 days prior to transplanting to
pots in the greenhouse containing the corre-
sponding treatment (Table 1).

For each species, five plants per pot with five
replicate pots per treatment (25 plants per species
per treatment) were grown for 62 d. Plastic pots
(15 cm diameter X 15 cm height) lined with a
Ziploc® storage bag (to retain water, salts, and
nutrients) were filled with 1.4 kg of air-dried,
sieved (5.8 mm mesh screen) soil. The soil was the
upper 10 cm of a low nutrient Patrick-series
Mollisol (clayey-over-sandy, carbonatic-thermic,
typic calciustoll), collected from northern Bexar
Co., Texas (Taylor et al. 1966; Van Auken and
Bush 1998). The soil was friable, allowing root
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THREE-WAY ANOVA RESULTS FOR THE TOTAL DRY MASS (G) OF TWO SPECIES (HELIANTHUS

PARADOXUS AND H. ANNUUS) GROWN IN TwO SALTS (NACL AND NA>SOy4) AND AT FIVE TONIC STRENGTHS (0.00,
0.09, 0.17, 0.34, AND 0.51). All main effects and interactions were significant. * Significant interactions are
designated (* = P < 0.05; ** = P < 0.01; *** = P < 0.001; **** = P < 0.0001).

Source® df SS F P

Species 1 4.11 35.69 <0.0001
Salt 1 14.75 128.17 <0.0001
Strength 4 5.00 43.44 <<0.0001
Species X salt*** 1 1.39 12.05 0.0008
Species X strength** 4 0.55 4.78 0.0016
Salt X strength**** 4 1.67 14.50 <0.0001
Species X salt X strength* 4 0.40 3.51 0.0108
Error 80 9.21

Total 99 59.95

extraction and recovery (Bush and Van Auken
2004). Appropriate amounts of anhydrous salts
(Na,SO,4 or NaCl) and a single nutrient applica-
tion (0.05 g of P from Na,HPO, - 7H,0, 0.07 g N
from NH4NO3, 0.07 g of K from KCl, and 0.03 g
of S from MgSO, 7H,0O; Tiedemann and
Klemmedson 1986) were added to each pot and
thoroughly mixed. Before seedlings were planted,
400 ml of deionized water was added to each pot.
Thereafter, soil moisture was maintained at
approximately field capacity with distilled water.
This study was conducted in a fiberglass green-
house in which the daytime temperatures ranged
from approximately 26° to 38°C and light levels
were approximately 36% of full sunlight with a
mean photosynthetically active photon flux den-
sities of 562 * 135 umol m 2 s ! measured with a
Li-Cor® LI-188 integrating quantum sensor.

Plant survivorship was assessed at 62 d for
cach treatment combination (species X salt X
10nic strength). Percent survivorship is based on
the mean number of erect and green plants out of
five plants per replicate pot per treatment.

Shoot and root dry mass were measured at the
end of the experiment. For shoot dry mass, plants
from each pot were clipped at the soil surface and
placed in a pre-weighed paper bag. For the ash-
free root dry mass, all of the soil and particulate
matter from cach pot was carefully washed off
the roots. Roots were then wrapped in pre-
weighed aluminum foil. All plant material was
dried in a forced air oven at 90°C to a constant
mass. After drying, roots were ashed in a
programmable muffle furnace (Fisher Scientific
Isotemp®, Fisher Scientific Research, Pittsburgh,
PA) at 625°C for 3 hours to obtain the ash-free
root dry mass (Bohm 1979). Total dry mass was
also calculated by combining the shoot dry mass
and ash-free root dry mass per pot.

All dry mass data was analyzed using SAS
statistical software (SAS Institute 1999) with each
pot as the unit of replication and P = 0.05 as the
criterion for significance. Any plant mortalities
because of a treatment effect were taken into
account by including a dry mass of zero. To

determine the effects of salt type and ionic
strength on the dry mass of each species, a
three-way ANOVA including interactions was
employed. When significance was detected with
the overall ANOVA, two-way and one-way
ANOVAs were used followed by Duncan’s
Multiple Range Test to examine significant
differences between all possible combinations of
salt type and salt concentration for each species
separately. Mean mortality was calculated, but
was not analyzed statistically.

RESULTS

All H. paradoxus and H. annuus plants died in
the highest ionic strengths of NaCl examined
(0.34 and 0.51). However, both species demon-
strated 100% survivorship in the no-salt treat-
ment. For all Na>SO, treatments, 100% of H.
paradoxus plants survived, while 100% of the .
annuus plants survived in each of the Na>SO,
treatments except at the 0.51 ionic strength, the
highest Na,SO, concentration tested. Plant sur-
vivorship for H. paradoxus in NaCl treatments
was 100% at the 0.09 and 0.17 ionic strengths,
while 80% and 40% of H. annuus plants survived
in these same ionic strengths, respectively.

Three three-way ANOVAs were used to
analyze shoot, root, and total dry mass; however,
only total dry mass data will be presented.
Results were similar for mean shoot and root
dry mass (analysis not shown). The three-way
ANOVA (Table 2) demonstrated a significant
overall species, salt, and ionic strength effect on
total dry mass. In addition, the three two-way
interactions were significant as was the three-way
interaction. To demonstrate more clearly the
experimental results, two of the two-way interac-
tions will be presented first. Overall, 71. para-
doxus produced more dry mass than /. annuus in
both salts (Fig. la, species X salt interaction).
For both species, more dry mass was produced in
the Na,SO,; treatment than in the NaCl treat-
ment. In addition, ionic strength was significant
with more dry mass in the lower treatments;
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F1G. 1. Two-way interaction plots of total dry mass (bars) as the response variable for (a) salt (NaCl and Na,SO,)

by species (Helianthus paradoxus and Helianthus annuus) and (b) ionic strength (0.00-0.51) by species. A three-way
ANOVA determined there were significant differences (P < 0.0001) between salt treatments and ionic strengths for
each species. Different letters indicate significant differences between means (Duncan’s Multiple Range Test). Lines

above the bars represent + one SD (standard deviation).

however, dry mass of H. annuus was significantly
lower at an ionic strength of 0.09 (Fig. 1b, species
X ionic strength interaction). The salt X ionic
strength interaction has not been presented
because the results can be seen within the three
way interaction figure. The significant three-way
interaction indicated that dry mass was depen-
dent on species, salt type, and ionic strength
(Table 2, Fig. 2a, b). Helianthus paradoxus dry
mass was higher in Na,SO,4 compared to NaCl
(Fig. 2a), with the greatest dry mass at the mid
ionic strengths (Fig. 2a). On the other hand, H.
annuus dry mass was lower than H. paradoxus,
but . annuus did produce more dry mass in
Na,SO4 compared to NaCl (Fig. 2b). In addi-
tion, as the ionic strength increased dry mass of
H. annuus decreased.

In comparison to the Na,SO, treatments, dry
mass of both species was significantly reduced in
NaCl at elevated ionic strengths (Duncan’s
Multiple Range Test, P < 0.0001, Fig. 2a, b).
In the no-salt treatment, growth of H. annuus was
elevated compared to H. paradoxus (not signifi-
cantly). However, for all levels of salt addition,
total dry mass of H. paradoxus was greater than
H. annuus, yet the differences were salt depen-
dent. For both species, mean total dry mass was
elevated in Na,SO,4 at an ionic strength of 0.09
compared to NaCl. Dry mass of H. paradoxus
was 32% greater than dry mass of H. annuus in
this treatment. In the 0.17 to 0.51 ionic strengths
of Na,SO,, mean total dry mass of H. paradoxus
was 2- to 12-fold greater than H. annuus. Both
species produced less dry mass in NaCl treat-
ments; however, H. annuus dry mass was reduced
most by NaCl. Total dry mass of H. paradoxus
was 7-fold greater than H. annuus in the 0.09
NaCl treatment. This difference between species
in NaCl increased at the 0.17 and 0.34 ionic

strengths of NaCl where dry mass of H.
paradoxus was 15-fold greater than H. annuus.

DIscussION

Salt tolerance is the ability of a species to grow
and adjust to the presence of a specific ion (ionic
effect) or to adapt to the general effects of low
water potentials (osmotic effect) (Ungar 1991). In
this study, a potential ionic effect and an osmotic
effect were investigated using NaCl and Na,SO,4
salts at increasing ionic strengths. Both salts are
found in H. paradoxus habitats at various
concentrations (Boghici 1997; Van Auken and
Bush 1998; Lexer et al. 2003). To differentiate
between the effects of the two salts and the CI~
and SO,4* anions, equal ionic strengths were used
in the separate salt treatments (Barrow 1966).
Due to greater salt tolerance of H. annuus in
NaCl and mixed salt environments compared to
H. petiolaris (both purported parental species)
(Ashraf and Tufail 1995; Welch and Rieseberg
2002; Bush and Van Auken 2004; Karrenberg
et al. 2006; DiCaterina et al. 2007), H. annuus was
used as a comparative species for salt effects on
growth of H. paradoxus.

As in previous studies, this investigation
demonstrated that H. paradoxus was more salt
tolerant than one of its parental species, H.
annuus, and even produced slightly more dry
mass in low saline soils compared to H. annuus
(Figs. 1b, 2a, and 2b). Helianthus paradoxus
produced 70% more dry mass than H. annuus
over all treatments (data not shown) and
consistently produced more dry mass in elevated
salinity soils (Fig. 2a, b), especially in the sulfate
treatments. Results of this greenhouse study are
consistent with observations that H. paradoxus
has greater fitness in saline conditions than H.



2011]

g
1=}

a) H. paradoxus

ny
o

g
=}

-
o

=
0

Total (Shoot + Root) dry mass (gPot)
[4)]

o
o

0 0.09 0.17 0.34 0.51

lonic Strength

mmm Na2SO4 C—3 NaCl

(9
1=}

b) H. annuus

N
o
>

h
o

-
o

S
)

Total (Shoot + Root) dry mass (gPot)
(4]

S
o

0 0.09

0.17 0.34

lonic strength

FiG. 2. Three-way interaction plots of total dry mass
(bars) as the response variable for (a) Helianthus
paradoxus and (b) Helianthus annuus. Salts were
Na,SO, (black bar) and NaCl (gray bar) at ionic
strengths of 0.00-0.51. A three-way ANOVA deter-
mined there were significant differences (P < 0.0001)
between salt treatments and ionic strengths for each
species. Different letters indicate significant differences
between means (Duncan’s Multiple Range Test) within
a species. Lines above the bars represent + one SD
(standard deviation).

annuus (Welch and Rieseberg 2002; Bush and
Van Auken 2004; Karrenberg et al. 2006), and
that H. annuus is not expected to be found in
areas with elevated soil salinity where H. para-
doxus is able to grow and outcompete H. annuus
and probably other non-halophytic species (Ab-
bot 2003; Van Auken and Bush 2006).

Both Helianthus spp. exhibited a specific ionic
growth inhibition at elevated levels of Cl,
compared to SO4%7, and differences in salt
tolerance between species were evident. For both
species, NaCl caused plant mortality at ionic
strengths of 0.34 and 0.51, yet H. paradoxus was
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more tolerant than H. annuus to low to moderate
NaCl concentrations (Fig. 2). Greater dry mass
production and survivorship of H. paradoxus
plants compared to H. annuus in NaCl treatments
was also observed by Welch and Rieseberg (2002)
in corresponding NaCl treatments (100 and
200 mmol L' [~6 and 12 g kg '] NaCl). Plant
survivorship of H. annuus indicated that low
Na»>SO, levels seem to be less inhibitive than
NaCl but significant dry mass reduction was still
observed above 0.09 ionic strength treatments.
Dry mass of H. paradoxus, on the other hand,
was enhanced by low to moderate levels of
Na,SO, with 38 to 72% greater dry mass, relative
to the no-salt treatment. This corresponds to field
observations where H. paradoxus was most
abundant in soil salinities (mainly Na, K, Ca,
and Mg chlorides with less SO4) ranging from 5
to 12 g kg ' in the Diamond-Y Spring Preserve
(Boghici 1997; Van Auken and Bush 1998; Bush
2006b; Grunstra and Van Auken 2007a, b).

Although previous studies did not differentiate
between the effects of NaCl and Na»SO4 (Welch
and Rieseberg 2002; Bush and Van Auken 2004;
Karrenberg et al. 2006; Van Auken and Bush
2006), those studies support the salt tolerance of
H. paradoxus to low concentrations of NaCl.
Results consistently demonstrated that biomass
of H. annuus was statistically reduced by NaCl
alone (Welch and Rieseberg 2002) or by low
levels of mixed salts (Na*, Cl-, and SO4*
included; Bush and Van Auken 2004; Karrenberg
et al. 2006), while H. paradoxus demonstrated
lower productivity in NaCl alone and greater
growth and productivity in the presence of SO,4*
as observed in the present study. Greater salt
tolerance of H. paradoxus to NaCl, as compared
to H. annuus, has been attributed to significantly
greater fitness along with Na* accumulation, leaf
succulence, and water use efficiency (Welch and
Rieseberg 2002). Because the salts were at equal
ionic strengths and Na' seems to serve as an
osmoticum for H. paradoxus (Welch and Riese-
berg 2002), it can be assumed that CIl™ is causing
reduced productivity in comparison to SO4* .
Molar concentrations of Cl™ in the soil water of
the Diamond-Y Spring Preserve are approxi-
mately 1.5 times that of molar concentrations of
SO4*; therefore, Cl- has the potential of inhib-
iting growth of H. paradoxus in its salt marsh
habitat (Boghici 1997). However, these data in
conjunction with previous salt studies (Welch and
Rieseberg 2002; Bush and Van Auken 2004;
Karrenberg et al. 2006) indicate that the presence
of soil sulfate may have played an important
role in the selection for and adaptation of
H. paradoxus to the Na-Cl -SO,* rich environ-
ments. Further, poor tolerance to chloride and
sulfate by H. annuus has limited its establishment
and therefore, fitness in the H. paradoxus salt
marsh habitat.
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It should be noted that in order to maintain
equal osmotic potentials between treatments,
molar concentrations of Na* in NaCl treatments
were 3.0 times that of Na,SO, treatments.
Nevertheless, the molar equivalents of Na* at
0.09 and 0.17 ionic strengths were between that of
the 0.34 and 0.51 ionic strengths of Na,SO,
where dry mass production of H. paradoxus was
not inhibited. Since an inert osmotic medium
such as polyethylene glycol was not examined, an
osmotic effect in combination with an ionic effect
cannot be excluded (Katembe et al. 1998; Munns
and Tester 2008).

In the limited studies comparing phytotoxicity
of both salts, greater toxicity to NaCl compared
to Na>SO, has been demonstrated for other salt
tolerant glycophytes and halophytes (Manchanda
et al. 1982; Curtin et al. 1993; Franklin and
Zwiazek 2004; Pagter et al. 2009). Chloride is
more toxic to plants than sulfate possibly due to
synergistic phytotoxicity effects with Na*, differ-
ential inhibition of enzyme activity, reduction in
plant productivity, and imbalance of nutritional
status (Greenway and Munns 1980; Manchanda
et al. 1982; Curtin et al. 1993; Wang et al. 1997,
Veira Dos Santos and Caldeira 1999; Franklin
and Zwiazek 2004). Ion toxicity is dependent on
whether the plant possesses adaptations to
tolerate the osmotic stress and to exclude and/
or compartmentalize the ion. Although not yet
documented, it is possible that H. paradoxus
accumulated CI™ along with Na* and may even be
more sensitive to Cl° compared to SO4*~ due to
poor compartmentalization into vacuoles (Green-
way and Munns 1980; Flowers et al. 1986; Munns
1993; Rajakaruna et al. 2003). Chloride may be
considered more toxic sometimes because of poor
salt tolerance response and thus, high accumula-
tion of Cl- over Na*, or in this case SO4>". Toxic
cytoplasmic Cl~ concentrations have not yet been
determined but are assumed to be equal to or
slightly lower than Na* (Flowers et al. 1986;
Greenway and Munns 1980; Munns and Tester
2008).

Sulfate may be required for salt tolerance in H.
paradoxus. Tissue ion concentrations were not
examined in this study, but previous work
suggested that (as in other halophytes) SO4*,
along with Na*, may be an important vacuolar
osmoticum in plant tissue (Greenway and Munns
1980; Karrenberg et al. 2006; Johnston 2006).
Leaf sodium and sulfur concentrations were
shown to be inversely related to calcium,
magnesium, and potassium concentrations but
positively related to biomass and succulence in H.
paradoxus (Karrenberg et al. 2006). Interestingly,
several studies have found a correlation between
plants inhabiting waterlogged sulfate rich soils
and the presence of vacuole stored flavonoid
sulfates which may serve to detoxify excess
sulfates alone or in combination with sodium
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(Harborne 1975; Tomas-Barberan et al. 1987,
Rajakaruna et al. 2003). A possible role of
sulphur in the salt tolerance of halophytes also
includes the production of methylated sulfonium
compounds that accumulate in the cytosol as
osmotically compatible organic solutes for com-
partmentalization of Na* and CI™ in vacuoles.
These organic solutes also serve to detoxify
sulfides in salt marsh plants (Flowers and Colmer
2008). Flavonoid sulfates or methylated sulfoni-
um compounds have not been measured in tissues
of H. paradoxus; however, Na,SQ, tolerance of
this species together with Na* and SO4*~ accu-
mulation suggests a possible detoxification mech-
anism not yet identified.

Ecological isolation of H. paradoxus within the
inland salt marshes of west Texas and New
Mexico may in part depend on the elevated levels
of soil salinity found in soils of these habitats
(Boghici 1997; McDonald 1999; Van Auken and
Bush 1998, 2006; Abbott 2003). Halophytes are
limited to saline environments because of an
advantageous adaptation to excess salts and a
reduction of competitive ability in non-saline
environments (Ungar 1991). Distribution of H.
paradoxus plants appears to be dependent on low
to moderate soil salinity levels at the Diamond-Y
Spring Preserve where Na*, C1- and SO,4>~ are the
prevalent salts from groundwater discharge,
while Ca®*, Mg**, and HCO; ™ are secondary ions
(Boghici 1997; Van Auken and Bush 1998; Bush
2006b; Grunstra and Van Auken 2007a, b). In the
present study, H. paradoxus outperformed H.
annuus in both soil salt treatments, partially
explaining the inability of H. annuus to survive
the salt marsh habitat of H. paradoxus (Lexer
et al. 2003; Bush and Van Auken 2004). The
presence of salts excluded H. annuus from
colonizing the salt marsh (Abbott 2003; Lexer
et al. 2003), while the salt tolerance of H.
paradoxus to both NaCl and Na,SO, has allowed
this species to establish in the Diamond-Y Spring
Preserve and other salt marsh environments in
west Texas and New Mexico. Further, tolerance
to high concentrations of Na,SO,, as demon-
strated by significantly greater productivity rela-
tive to non-saline conditions, suggests that H.
paradoxus may experience a physiological stress
response without elevated Na,SO4, which is
necessary for optimum growth and perhaps
necessary for salt tolerance (Munns and Tester
2008). The establishment of H. paradoxus in the
Diamond-Y Spring Preserve has been promoted
by the selection for transgressive phenotypes
promoting salt tolerance (sodium exclusion,
calcium uptake, and leaf succulence), as demon-
strated by H. paradoxus, along with the presence
of specific ions (Na*, Ca?", and SO4*") in the salt
marsh habitat (Abbott 2003; Lexer et al. 2003;
Karrenberg et al. 2006). In addition, both
parental species are poor competitors in field-like
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elevated soil salinity conditions, while H. para-
doxus is a poor competitor against H. annuus in
nonsaline conditions (Bush and Van Auken
2004).

The potential for hybridization is still present
and environmental conditions isolating hybrid
Helianthus spp. from parental genotypes appears
to have been an important factor in their adaptive
evolution of greater fitness in their respective
habitats (Lexer et al. 2003; Whitney et al. 2010;
Donovan et al. 2010). Populations of H. annuus
are found in disturbed pockets of isolated deep,
nonsaline soil. Helianthus petiolaris, the other
reported parent species to H. paradoxus is also
found in some isolated, low saline, sandy soils.
However, environmental factors such as the soil
conditions required for the isolation and survival
of some of the H. annuus X H. petiolaris hybrids
was and continues to be the saline soils sur-
rounding the isolated springs in this area of west
Texas and New Mexico (Abbott 2003; Lexer
et al. 2003). The unique salt tolerance of H.
paradoxus compared to its parental species along
with establishment in the Na*-Cl™-SO4>~ domi-
nated salt marshes will continue to promote the
ecological isolation of H. paradoxus.

ACKNOWLEDGMENTS

Some support for this project was provided by the
Nature Conservancy of Texas, the University of Texas
at San Antonio, the Texas Department of Parks and
Wildlife, the U.S. Fish and Wildlife Service, and Dr.
Loyce and Mr. William Collenback. We especially
thank Mr. John Karges of the Nature Conservancy of
Texas for help and advice during various stages of this
project.

LITERATURE CITED

ABBOTT, R. J. 1992. Plant invasions, interspecific
hybridization and the evolution of new plant taxa.
Trends in Ecology and Evolution 7:401-405.

. 2003. Sex, sunflowers, and speciation. Science
301:1189-1190.

ASHRAF, M. AND M. TUFAIL. 1995. Variation in
salinity tolerance in sunflower Helianthus annuus
L. Journal of Agronomy and Crop Science
174:351-362.

BARROW, G. M. 1966. The use of constant ionic
strength. Pp. 689-691 in Physical chemistry.
McGraw-Hill Book Company, NY.

BogHIct, R. 1997. Hydrogeological investigations at
the Diamond Y Springs and surrounding area.
M.S. thesis. The University of Texas, Austin, TX.

BOHM, W. 1979. Methods of studying root systems.
Pp. 1-188 in W. D. Billings, F. Golley, O. L. Lange,
and J. S. Olson, (eds.), Ecological studies. Springer-
Verlag, NY.

BuUsH, J. K. 2006a. Abiotic edaphic factors affecting the
growth of a threatened North American sunflower,
Helianthus paradoxus (Asteraceae). Plant Ecology
183:215-225.

. 2006b. The role of soil moisture, salinity, and

oxygen on the growth of Helianthus paradoxus

MENDEZ AND VAN AUKEN: SALT TOLERANCE OF TWO HELIANTHUS SPECIES 151

(Asteraceae) in an inland salt marsh of west Texas.

Journal of Arid Environments 64:22-36.

AND O. W. VAN AUKEN. 1997. The effects of
neighbors and grazing on the growth of Helianthus
paradoxus. Southwestern Naturalist 42:416-422.

AND . 2004. Relative competitive ability
of Helianthus paradoxus and its progenitors, H.
annuus and H. petiolaris (Asteraceae), in varying
soil salinities. International Journal of Plant
Science 165:303-310.

CORRELL, D. S. AND M. C. JOHNSTON. 1979. Manual
of the vascular plants of Texas. Texas Research
Foundation, Renner, TX.

CURTIN, D., H. STEPPUHN, AND F. SELLES. 1993. Plant
responses to sulfate and chloride salinity: growth
and ionic relations. Soil Science Society of America
Journal 57:1304-1310.

DICATERINA, R., M. M. GUILIANI, T. ROTUNNO, A.
DE CARO, AND Z. FLAGELLA. 2007. Influence of
salt stress on seed yield and oil quality of two
sunflower hybrids. Annals of Applied Biology
151:145-154.

DoONOVAN, L. A., D. R. ROSENTHAL, M. SANCHEZ-
VELENOSI, L. H. RIESEBERG, AND F. LUDWIG.
2010. Are hybrid species more fit than ancestral
parent species in the current hybrid species
habitats? Journal of Evolutionary Biology
23:805-816.

EGAN, T. P. AND 1. A. UNGAR. 1998. Effect of different
salts of sodium and potassium on the growth of
Atriplex prostrata (Chenopodiaceae). Journal of
Plant Nutrition 21:2193-2205.

FLOWERs, T. J., M. A. HAJIBAGHER]I, AND N. J. W.
CLIPSON. 1986. Halophytes. The Quarterly Review
of Biology 61:313-337.

AND T. D. COLMER. 2008. Salinity tolerance in
halophytes. New Phytologist 179:945-963.

FRANKLIN, J. A. AND J. J. ZWIAZEK. 2004. Ion uptake
in Pinus banksiana treated with sodium chloride
and sodium sulphate. Physiologia Plantarum
120:482-490.

GREENWAY, H. AND R. MUNNS. 1980. Mechanisms of
salt tolerance in nonhalophytes. Annual Review of
Plant Physiology 31:149-190.

GRUNSTRA, M. AND O. W. VAN AUKEN. 2007a.
Factors that influence the distribution and cover
of Helianthus paradoxus in a west Texas salt marsh.
Phytologia 89:24-42.

AND . 2007b. Using GIS to display
complex soil salinity patterns in an inland salt
marsh. Pp. 407-431 in D. Sarkar, R. Datta, and R.
Hannigan, (eds.), Developments in environmental
science, volume 5. Elsevier Ltd., Amsterdam,
Netherlands.

HARBORNE, J. B. 1975, Flavonoid sulphates: a new
class of sulphur compounds in higher plants.
Phytochemistry 14:1147-1155.

HEISER, C. B., Jr. 1958. Three new annual sunflowers
(Helianthus) from the Southwestern United States.
Rhodora 60:272-283.

HEISER, C. B., Jr 1965. Species crosses in Helianthus:
II1. Delimitation of ‘“‘Sections”. Annals of the
Missouri Botanical Gardens 52:364-370.

JOHNSTON, T. R. 2006. Bio-accumulation of proline
and various anions and cations in Helianthus
paradoxus and Helianthus annuus when grown in
sodium sulfate. M.S. thesis. The University of
Texas at San Antonio, TX.




152

KARRENBERG, S., C. EDELIST, C. LEXER, AND L.
RIESEBERG. 2006. Response to salinity in the
homoploid hybrid species Helianthus paradoxus
and its progenitors H. annuns and H. petiolaris.
New Phytologist 170:615-629.

KATEMBE, W. J., I. A. UNGAR, AND J. P. MITCHELL.
1998. Effect of salinity on germination and seedling
growth of two Atriplex species (Chenopodiaceae).
Annals of Botany 82:167-175.

LEXER, C., M. E. WELCH, O. L. RAYMOND, AND L. H.
RIESEBERG. 2003. The origin of ecological diver-
gence in Helianthus paradoxus (Asteraceae): selec-
tion on transgressive characters in a novel hybrid
habitat. Evolution 57:1989-2000.

MANCHANDA, H., S. SHARMA, AND D. BHANDARI.
1982. Response of barley and wheat to phosphorus
in the presences of chloride and sulphate salinity.
Plant and Soil 66:233-241.

MARSCHNER, H. 1995. Mineral nutrition of higher
plants. Academic Press, London, U.K.

McDoNALD, C. 1999. Endangered and threatened
wildlife plants; determination of threatened status
for the plant Helianthus paradoxus (Pecos sunflow-
er). Federal Register 64:56852-56590.

MUNNSs, R. 1993. Physiological processes limiting plant
growth in saline soils; some dogmas and hypoth-
esis. Plant, Cell and Environment 16:15-24.

AND M. TESTER. 2008. Mechanisms of salinity
tolerance. Annual Review of Plant Biology
59:651-681.

PAGTER, M., C. BRAGATO, M. MALAGOLI, AND H.
BRIX. 2009. Osmotic and ionic effects of NaCl and
Na,SOy salinity on Phragmiites australis. Aquatic
Botany 90:43-51.

POOLE, J. M. AND D. D. DIAMOND. 1993. Habitat
characterization and subsequent searches for He-
fianthus paradoxus (Puzzle sunflower). Pp. 53-66 in
R. C. Sivinski and K. Lightfoot, (eds.), Southwest-
ern rare and endangered plants. Miscellaneous
Publication No. 2. New Mexico Forestry and
Resources Conservation Division. Energy, Miner-
als and Natural Resources Department, Santa Fe,
NM.

RAJAKARUNA, N., M. Y. SIDDIQI, J. WHITTON, B. A.
BoHM, AND A. D. M. GLASs. 2003. Differential
responses to Na*/K* and Ca**/Mg*" in two edaphic
races of the Lasthenia californica (Asteraceae)
complex: a case for parallel evolution of physio-
logical traits. New Phytologist 157:93-103.

RIESEBERG, L. H. 1991. Homoploid reticulate evolu-
tion in Helianthus (Asteraceae): evidence from
ribosomal genes. American Journal of Botany
78:1218-1237.

, S. M. BECKSTROM-STERNBERG, A. LISTON,

AND D. M. ARIAS. 1991. Phylogenetic and

systematic inferences from chloroplast DNA and

isozyme variation in Helianthus sect. Helianthus

(Asteraceae). Systematics Botany 16:50-76.

, R. CARTER, AND S. ZONA. 1990. Molecular

test of the hypothesized hybrid origin of two

MADRONO

[Vol. 58

diploid Helianthus species (Asteraceae). Evolution
44:1498-1511.

ROSENTHAL, D. M., A. E. SCHWARZBACH, L. A.
DONOVAN, O. RAYMOND, AND L. H. RIESEBERG.
2002. Phenotypic differentiation between three
ancient hybrid taxa and their parental species.
International Journal of Plant Science 163:
387-398.

SAS INSTITUTE. 1999, SAS system for linear models.
SAS Institute, Inc., Cary, NC.

TAYLOR, F. B, R. B. HAILEY, AND D. L. RICHMOND.
1966. Soil survey of Bexar County, Texas. United
States Department of Agriculture, Soil Conserva-
tion Service, Washington, D.C.

TIEDEMANN, A. R. AND J. O. KLEMMEDSON. 1986.
Long-term effects of mesquite removal on soil
characteristics: 1. Nutrients and bulk density. Soil
Science Society of America Journal 50:472-475.

ToMAS-BARBERAN, F. A., J. B. HARBORNE, AND R.
SELF. 1987. Twelve 6-oxygenated flavones sulfates
from Lippia nodiflora and L. canescens. Phyto-
chemistry 26:2281-2284.

UNGAR, 1. A. 1991. Ecophysiology of vascular halo-
phytes. CRC Press, Boca Raton, FL.

UNITED STATES (U.S.) FISH AND WILDLIFE SERVICE.
2005, Pecos sunflower recovery plan. U.S. Fish and
Wildlife Service, Southwest Region, Albuquerque,
NM.Website http://www.fws.gov/southwest/es/
Documents/R2ES/Pecos_Sunflower_FINAL,_Recovery_
Plan.pdf [accessed 04 Jan 2012).

VAN AUKEN, O. W. AND J. K. BUSH. 1998. Spatial
relationships of Helianthus paradoxus (Composi-
tae) and associated salt marsh plants. Southwestern
Naturalist 43:313-320.

AND 2006. Competition between
Helianthus paradoxus (Asteraceae) and Distichlis
spicata (Poaceae). Phytologia 88:17-37.

VEIRA Dos sANTOS, C. L. AND G. CALDEIRA. 1999.
Comparative responses of Helianthus annuus plants
and calli exposed to NaCl: I. Growth rate and
osmotic regulation in intact plants and calli.
Journal of Plant Physiology 155:769-777.

WANG, L. W., A. M. SHOWALTER, AND I. A. UNGAR.
1997. Effect of salinity on growth, ion content, and
cell wall chemistry in Atriplex prostrata (Chenopo-
diaceae). American Journal of Botany 84:1247-
1255.

WARNE, P., R. D. Guy, L. ROLLINS, AND D. M. REID.
1990. The effects of sodium sulfate and sodium
chloride on growth, morphology, photosynthesis,
and water use efficiency of Chenopodium rubrum.
Canadian Journal of Botany 68:999-1006.

WELCH, M. E. AND L. H. RIESEBERG. 2002. Habitat
divergence between a homoploid hybrid sunflower
species, Helianthus paradoxus (Asteraceae), and
its progenitors. American Journal of Botany 89:
472-478.

WHITNEY, K. D., R. A. RANDELL, AND L. H.
RIESEBERG. 2010. Adaptive introgression of abiotic
tolerance traits in the sunflower Hefianthus annuus.
New Phytologist 187:230-239.




